Abstract-In this letter, a new approach to chemically dope black phosphorus (BP) is presented, which significantly enhances the device performance of BP field-effect transistors for an initial period of 18 h, before degrading to previously reported levels. By applying 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ), low ON-state resistance of 3.2 · mm and high field-effect mobility of 229 cm 2 /Vs are achieved with a record high drain current of 532 mA/mm at a moderate channel length of 1.5 μm.
I. INTRODUCTION

B
LACK phosphorus (BP) is a stable phosphorus allotrope at room temperature. The bandgap in BP is dependent on the number of layers, ranging from 0.3 eV in bulk material to 2.0 eV in monolayer phosphorene [1] . From the transport perspective, the hole mobility in BP is on the order of 10 4 cm 2 /Vs at cryogenic temperatures [2] , having the potential to outperform traditional silicon or III-V semiconductors at the ballistic limit [3] . The presence of a sizable bandgap along with high carrier mobility makes BP a competitive material for future electrical applications [4] - [7] . To date, experimental demonstrations of few-layer BP FETs have been achieved by several groups [8] - [10] , and sustain good electrical performance for weeks or months with different passivation techniques [11] - [13] , functioning even at radio frequencies [14] , [15] . In addition, BP devices are also suitable for optoelectronic applications [16] - [20] . More encouragingly, recent work based on few-layer phosphorene encapsulated by atomically thin hexagonal boron nitride has allowed the mobility to approach 6000 cm 2 /Vs at low temperatures [21] , and Shubnikov-de Haas oscillations and quantum Hall effects have been observed [21] - [26] . Since all these results were based on few-layer phosphorene as part of the metal-oxidesemiconductor (MOS) structure, improving the quality of such structure can have broad impacts on future developments. In this letter, for the first time, we explored F4-TCNQ doping to enhance BP FET device performance. The simplicity and efficiency of this doping technique presents a valuable approach to achieve high-performed BP thin-film transistors.
II. EXPERIMENT
Few-layer BP flakes were exfoliated from bulk crystal, and then transferred onto a heavily doped silicon substrate covered with a 90 nm SiO 2 layer. Subsequently source/drain metal contacts were formed by photolithography and a 70 nm thick Ni metal deposition and lift-off process. Electrical measurements were first carried out on the completed MOSFET devices under an ambient atmosphere using a Keithley 4200 semiconductor parameter analyzer. The measured sample was then soaked in an isopropyl alcohol solution of 0.75 mmol/L F4-TCNQ for 30 min, followed by a spindrying cycle at 2000 rpm for 10 s. No further N 2 or heat-drying was applied after spin-drying. F4-TCNQ is an organic molecule with a large electron affinity of 5.2 eV. It is widely used as a p-type dopant for carbon nanotube and graphene applications [27] - [29] . After doping, the BP FET was electrically characterized again under ambient conditions. A schematic view and optical micrograph of a doped BP FET with 1.5 μm channel length are shown in Fig. 1(a) and 1(b) , respectively. 0741-3106 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The thickness of BP flake for this particular device was measured by atomic force microscopy (AFM) to be 8.4 nm as shown in Fig. 1 (c).
III. RESULT AND DISCUSSION
A clear signature of p-type transistor behavior can be seen on the transfer characteristics of the few-layer BP FET, as shown in Fig. 2(a) . Inspecting the transfer characteristic of the p-type BP transistor, we can estimate the field-effect mobility according to the square law theory. The extrinsic field-effect mobility before F4-TCNQ doping is 181 cm 2 /Vs. After doping, the on-state current increases significantly. More importantly, the threshold voltage (V T ), extracted from linear extrapolation at low V ds bias, shifts in the direction of positive gate voltage. The V T shift can be explained by the move of the Fermi level towards the valence band edge of the semiconducting BP due to the p-type chemical doping, where the F4-TCNQ on the surface of BP absorbs electrons and generates holes in the channel [27] - [29] . The extrinsic fieldeffect mobility after F4-TCNQ is estimated to be 229 cm 2 /Vs. Such a 30% increase in field-effect mobility after F4-TCNQ is associated with the reduction of surface scattering and the immunity of flake quality degradation in the channel. F4-TCNQ, an organic doping layer spin-coated on the surface of BP, not only is an effective passivation layer to avoid flake degradation to ambient exposure, but also prevents surface scattering from neighboring adsorbates. However, a decreased on/off ratio from 10 3 to 10 was also observed. Part of the reason for this low on/off ratio could be the leakage current through the F4-TCNQ film or along the F4-TCNQ/SiO 2 interface. This suggests that local doping in a specific device area should be studied in future work. The drain current varies linearly with small source/drain biases as shown in the characteristics of Fig. 2(b) and 2(c) , implying an ohmic-like contact resistance at the Ni/BP interface with a small Schottky barrier. Before doping, the maximum drain current at V ds = −2 V is 211 mA/mm, which is already good performance for a device with a micrometer channel length. After F4-TCNQ doping, the maximum drain current is more than doubled to 532 mA/mm, and the on-state resistance is reduced from 7.4 · mm to 3.2 · mm. To the best of our knowledge, this doped BP FET with bulk global gate has demonstrated the lowest on-state resistance and highest drain current of those with similar or even shorter channel lengths [8] - [11] , [14] , [15] .
In order to investigate the effects of F4-TCNQ chemical doping in greater detail, we have measured sheet resistance and contact resistance separately utilizing the transfer length method (TLM) according to,
where R total is the total resistance, R c is contact resistance, R s is sheet resistance, L is channel length, and W is channel width. An example of R total versus L/W is shown in Fig. 3(a) , where TLM resistances of BP FETs before and after F4-TCNQ doping are extracted at a constant back gate voltage of −40 V. Significant reduction in the slope of R total can been seen after doping, indicating a remarkable reduction in sheet resistance. Sheet resistances at different back gate voltages are plotted in Fig. 3(b) . A high bias region with small absolute error bars has been chosen to have an accurate comparison between sheet and contact resistances under the effects of F4-TCNQ doping. The sheet resistance decreases from 3.3 k to 1.2 k at V bg = −40 V. Such 3 times reduction in sheet resistance further verifies the increase of hole concentration from doping since mobility does not increase dramatically. 2D carrier concentration has been determined from the equation, where e is electron charge, R s is sheet resistance, and μ FE is intrinsic field-effect mobility. The 2D sheet density before and after doping is 7.5 × 10 12 cm −2 and 2.2 × 10 13 cm −2 at V bg = 0V, respectively, indicating a strong doping effect as a result of the F4-TCNQ layer. These values are consistent with the results from Hall measurements of similar films. Contact resistance has also been calculated and analyzed. A plot of contact resistance under varying bias is shown in Fig. 3(c) , where normalized contact resistance measured before and after doping are 1.7 · mm and 1.3 · mm, respectively, at V bg = −40V. This nearly 1.3 times reduction of contact resistance is ascribed to the shrinking of the Schottky barrier width by doping of the BP film underneath the contacts.
A statistical study of key parameters is necessary and important so as to gain a comprehensive understanding of F4-TCNQ doping effect on BP transistors. A total of five BP flakes with similar thicknesses of approximately 8.4 nm have been patterned with TLM structures. Over 30 devices have been carefully fabricated, systematically measured, and comprehensively analyzed. Fig. 4(a) shows the results of this study for sheet resistance. The sheet resistances before doping vary from 8.0 k / to 3.2 k / , which is directly associated with anisotropic mobility in BP [1] , [5] , [6] . After doping, the sheet resistance is dramatically reduced in each case, with an average reduction of 2.5 times. Similarly, the contact resistance before and after F4-TCNQ doping for each TLM is reduced on average by 40% as shown in Fig. 4(b) . We describe the doping efficiency in terms of on-resistance improvement factor (on-resistance before doping/on-resistance after doping) and mobility improvement factor (mobility after doping/mobility before doping) for each single device. A box chart of on-resistance factor versus different channel lengths is shown in Fig. 4(c) . It should be noted that the doping efficiency decreases as the channel length scales from 3 μm to 100 nm. This channel length dependent doping efficiency is ascribed to on-resistance saturation in the short channel regime [8] . Undeniably, doping has a much stronger effect on sheet resistance than contact resistance. As the channel length aggressively scales down, the contact resistance becomes the dominant factor, compared to sheet resistance. Therefore, the doping efficiency drops for shorter devices. Our experiments also show the on-state resistance factor has dropped from an average 2.2 times at a channel length of 3 μm to 1.4 times at a channel length of 100 nm. In addition, the mobility factor's fluctuation with different channel lengths is shown in Fig. 4(d) . The consistent doping efficiency with an average of 1.7 times enhancement in field-effect mobility presents channel length independent behavior, and has further confirmed the effectiveness of F4-TCNQ doping on BP transistors.
The stability of F4-TCNQ doped BP transistors was also studied in our experiments, as shown in Fig. 5 . The doped FETs have been stored, and measured repeatedly under ambient conditions. Air-stability of a F4-TCNQ doped BP device was monitored by measuring the electrical performance as a function of time. Before doping, on-state resistance of the 1.5 μm channel length device was 21.2 · mm. The device was immediately measured again after the doping, and showed a significant drop in on-resistance, indicative of a successful doping. Meanwhile, the on-state current and off-state current also increased due to the charge transfer effect. By 18 hours after application of the doping layer, the device was restored back to its original performance level, indicating a reversible capability of F4-TCNQ doping. Furthermore, a long-term reservation of device performance using F4-TCNQ doping on BP FETs needs to be explored in near future, for example by using a special polymer layer to cover the F4-TCNQ doping layer and prevent it from reacting with oxygen in its surrounding environment [30] .
IV. CONCLUSION In summary, we have characterized the chemical doping effect of a F4-TCNQ layer on BP FETs. The doping technique has enhanced the electrical performance of BP transistors with a record high drain current of 532 mA/mm. This p-type doping also presents an average of 2.5 times reduction in sheet resistance, 1.4 times decrease in contact resistance, and 1.7 times enhancement in field-effect mobility in statistics. Better doping techniques are extremely important for further reducing the contact resistance and enhancing the transport properties of materials, including BP. To develop different doping techniques in 2D materials with long-time stability remains a grand challenge.
